Resveratrol, a natural compound found in many dietary plants and in red wine, plays an important role in the prevention of many human pathological processes, including inflammation, atherosclerosis and carcinogenesis. We have shown that the antiproliferative activity of resveratrol correlated with its ability to inhibit the replicative pols (DNA polymerases) α and δ in vitro [Stivala, Savio, Carafoli, Perucca, Bianchi, Maga, Forti, Pagnoni, Albini, Prosperi and Vannini (2001) J. Biol. Chem. 276, 22586-22594]. In this paper, we present the first detailed biochemical investigation on the mechanism of action of resveratrol towards mammalian pols. Our results suggest that specific structural determinants of the resveratrol molecule are responsible for selective inhibition of different mammalian pols, such as the family B pol α and the family X pol λ. Moreover, the resveratrol derivative trans-3,5-dimethoxy-4-hydroxystilbene, which is endowed with a strong antiproliferative activity (Stivala et al., 2001) , can inhibit pols α and λ and also suppress the in vitro SV40 DNA replication. The potency of inhibition is similar to that of aphidicolin, an inhibitor of the three replicative pols α, δ and ε. Our findings establish the necessary background for the synthesis of resveratrol derivatives having more selective and potent antiproliferative activity.
INTRODUCTION
Resveratrol (3,4,5-trihydroxystilbene) is synthesized by several plants in response to adverse conditions such as environmental stress or pathogenic attack and it is classified as a phytoalexin [1] [2] [3] . Resveratrol has been found in a multitude of dietary plants and in grape skin, being present in relatively high concentrations in grape juice and, especially, in red wine [4] [5] [6] [7] . Growing evidence suggests that resveratrol plays a role in the prevention of human pathological processes, such as inflammation [8] [9] [10] , atherosclerosis [11] [12] [13] and carcinogenesis [14, 15] . These protective effects have been attributed to its antioxidant and anticyclo-oxygenase activity [16] [17] [18] , and to a modulating activity of lipid and lipoprotein metabolism [19, 20] . Moreover, the proliferative activity of normal cells and various human malignant cell lines is slowed down by resveratrol [21] [22] [23] [24] , resulting in the accumulation of cells in S and G2 phases of the cell cycle [25] .
By exploiting a series of resveratrol derivatives, we have shown that the 4 -hydroxy group in trans-conformation (hydroxystyryl moiety) was absolutely required for its antiproliferative activity and that there was a direct correlation, from a structural point of view, between the antiproliferative effect and the ability to inhibit the replicative pols (DNA polymerases) α and δ [26] . Thus one of the mechanisms underlying the inhibition of cell-cycle progression is probably the interaction between the 4 -hydroxystyryl moiety of trans-resveratrol and replicative pols. To expand further these results, we have undertaken an enzymological characterization of the inhibition of the DNA synthetic activity of other mammalian pols by selected resveratrol derivatives.
In mammalian cells, many different pols have been discovered so far, belonging to four different families: family A, comprising pol θ , pol ν and pol γ ; family B, comprising pol α, pol δ, pol ε and pol ζ ; family X, comprising pol β, pol λ, pol µ, pol σ and TDT (terminal-deoxynucleotidyl transferase); and family Y, comprising pol η, pol ι and pol κ [27] .
In the present study, we focused our attention on the family X enzymes. Among family X members, pol β is the major DNA repair enzyme in mammalian cells and TDT is necessary for IgG gene diversity generation, whereas pol µ and pol λ probably play important roles in the non-homologous end-joining DNA repair pathway [28] . Interestingly, pol λ is also endowed with a terminaltransferase activity [29, 30] .
Besides providing a detailed investigation on the mechanism of action of resveratrol towards pols, our results show that specific structural determinants of the resveratrol molecule are responsible for selective inhibition of mammalian enzymes from different families, such as the family B pol α and the family X pol λ. Our findings provide the necessary background for the synthesis of resveratrol derivatives with more selective and potent antiproliferative activity.
MATERIALS AND METHODS

Chemicals
[
3 H]dTTP (30 Ci/mmol) was obtained from Amersham Biosciences and unlabelled dNTPs, poly(dA), and oligo(dT) [12] [13] [14] [15] [16] [17] [18] were from Roche Molecular Biochemicals (Monza, Italy). The
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oligonucleotides were obtained from MWG Biotech (Florence, Italy). Whatman (Clifton, NJ, U.S.A.) was the supplier of the GF/C filters. Resveratrol was from Sigma. All other reagents were of analytical grade and were purchased from Merck or Fluka (Buchs, Switzerland).
Chemistry
The t-DHMSB (trans-3,5-dihydroxy-4 -methoxystilbene) and t-DMHSB (trans-3,5-dimethoxy-4 -hydroxystilbene) derivatives were synthesized as described in [26] . t-DHSB (trans-4,4 -dihydroxystilbene) was obtained by Perkin condensation by the following procedure: (a) 1.04 g of 4-hydroxybenzaldehyde (1 mol), 1.96 g of 4-hydroxyphenylacetic acid (1.5 mol), 15 ml of acetic anhydride and 3 ml of triethylamine were heated at 180
• C under N 2 for 6 h, cooled at room temperature (25 • C) and diluted in 30 ml of 5 % (v/v) HCl and 30 ml of ethyl acetate. The aqueous layer was extracted with ethyl acetate (3 × 30 ml). The organic layer was washed with 50 ml of brine, dried over MgSO 4 and the solvent was removed under reduced pressure to obtain the diacetylated α,β-(p-hydroxyphenyl)-p-hydroxycinnamic acid, which was then deacetylated at room temperature in methanol with K 2 CO 3 . After removing the methanol under reduced pressure, the residue was diluted in 30 ml of 5 % HCl and 30 ml of ethyl acetate. The aqueous layer was extracted with ethyl acetate (3 × 30 ml). The organic layer was washed with 50 ml of brine, dried over MgSO 4 and the solvent was removed under reduced pressure to obtain the α,β-(p-hydroxyphenyl)-p-hydroxycinnamic acid. (b) To 2.5 g of α,β-(p-hydroxyphenyl)-p-hydroxycinnamic acid were added 12 ml of quinoline and 500 mg of copper chromite. The reaction flask was heated at 240
• C under N 2 for 5 h. The mixture was then cooled, filtered over celite and the filtrate was then washed with 2 × 30 ml of ethyl acetate. The organic layer was washed with 2 × 30 ml of 5 % HCl, dried over MgSO 4 
Enzymes and proteins
Recombinant human pol λ wild-type and the pol λ N (amino acids 244-575) truncated form were cloned and expressed as described in [30] . After purification, the proteins were > 90 % homogenous, as judged by SDS/PAGE and Coomassie Blue staining (results not shown) and had specific activities of 200 000 units/ mg for wild-type pol λ and 180 000 units/mg for the pol λ N mutant; 1 unit of pol activity corresponds to the incorporation of 1 pmol of total dTMP into acid-precipitable material in 60 min at 37
• C in a standard assay containing 0.5 µg (as nucleotides) of poly(dA)/oligo(dT) 10:1 and 10 µM dTTP. Saccaromyces cerevisiae pol IV was expressed and purified as described in [31] with the following modifications: the coding region of S. cerevisiae pol IV was amplified by PCR from the genomic DNA of S. cerevisiae. The primers used introduced XhoI and NcoI sites for cloning the pol IV gene into the pRSETb vector (Invitrogen). The primers used were: ScIV-F, 5 -CTGACTCGAGGTCTCTA-AAGGGTAAATTTTTCG, and ScIV-R, 5 -CTGACCATGGCT-TATGCAGTTTTTTTTTCCCATTC (restriction sites XhoI and NcoI are shown in boldface). Expression of pol IV was performed in Escherichia coli strain BL21(DE3) at an A 600 of 0.4 by adding 0.3 mM isopropyl β-D-thiogalactoside at 28
• C for 3 h.
Cells were harvested by centrifugation and the pellet was mixed with an equal volume of buffer A (30 mM phosphate buffer, pH 8.0, 10 mM Tris/HCl, pH 8.0, 500 mM NaCl, 10 mM imidazole, 1 mM PMSF, 1 µM benzamidine, 5 µg/ml leupeptin and 2 µg/ml pepstatin A). The cells were disrupted by a French press (twice) and sonicated on ice for 1 min. After centrifugation (20 000 g for 30 min at 4
• C on a SS-34 rotor), the soluble fraction was loaded on to a 1 ml HiTrap Chelating (Ni + ) column preequilibrated with buffer A. The column was washed with 50 ml of buffer A and 20 ml of buffer A containing 50 mM imidazole. The bound proteins were eluted by 300 mM imidazole in buffer A. After desalting to buffer B [40 mM Tris/HCl, pH 7.5, 50 mM NaCl, 1 mM EDTA, 1 mM 2-mercaptoethanol, 15 % (v/v) glycerol, 1 mM PMSF, 1 µM benzamidine, 5 µg/ml leupeptin and 2 µg/ml pepstatin] by using a HiTrap desalting column, the eluate was loaded on to a 1 ml HiTrap Heparin column pre-equilibrated with buffer B, the column was washed with 20 ml of buffer B and the proteins were eluted with a 20 ml linear NaCl gradient (50-1000 mM). Pol IV eluted at 250 mM NaCl as tested by pol activity, SDS/PAGE and Western blotting. The pool of pol IV was diluted to 50 mM NaCl and finally loaded on to a Mono S column pre-equilibrated with buffer B. Chromatography was performed exactly in the same way as for heparin-Sepharose. The yield from 1 litre of culture was approx. 30 mg of pol IV protein with purity above 95 %. Human pol α was purified as described in [32] . Human pol β and calf thymus TDT were obtained from Trevigen (Gaithersburg, MD, U.S.A.).
Enzymatic assays
Pol assay
Human pol λ and S. cerevisiae pol IV activities on poly(dA)/ oligo(dT) 10:1 were determined in a final volume of 25 µl containing: 50 mM Tris/HCl (pH 7.0), 0.25 mg/ml BSA, 1 mM DTT (dithiothreitol), 0.5 mM MnCl 2 , 0.2 µM poly(dA)/oligo(dT) 10:1 (3 -OH ends), 50 nM pol λ (or 0.1 unit of pol IV) and 5 µM • C unless otherwise stated and the DNA was precipitated with 10 % (w/v) trichloroacetic acid. Insoluble radioactive material was determined by scintillation counting as described in [32] . Pol β and pol α activities were assayed with poly(dA)/oligo(dT) as described in [32] .
Terminal transferase assay
The terminal transferase activities of pol λ and TDT were assayed in a final volume of 25 µl containing: 50 mM Tris/HCl (pH 7.0), 0.25 mg/ml BSA, 1 mM DTT, 0.5 mM MnCl 2 and 0.2 µM of ss (single-stranded) 27-mer DNA oligonucleotide, except where otherwise stated. The enzymes and [
3 H]dTTP (10 Ci/mmol) were added as indicated in the Figure legends. All reactions were incubated at 37
• C for 10 min, unless otherwise indicated in the Figures, and the DNA was precipitated with 10 % trichloroacetic acid. Insoluble radioactive material was determined by scintillation counting as described in [32] .
In vitro SV40 (simian virus 40) DNA replication assay
Reactions were performed in a final volume of 50 µl. S-100 extract (100 µg) from SV40-transformed African green monkey kidney cells (COS-7) were pre-incubated for 5 min at room temperature in the reaction buffer (50 mM Hepes/NaOH, pH 8.0, 0.5 mM DTT and 5 mM MgCl 2 ), in the absence or presence of t-DMHSB or aphidicolin, as indicated in the Figure legends. Reactions were started by the addition of 30 µM [α-
32 P]-dCTP (300 Ci/mmol), 100 µM unlabelled dATP, dGTP, dTTP, UTP, CTP and GTP, 2 mM ATP and 200 ng of a DNA plasmid containing the SV40 origin of replication (pSVori). After 60 min at 37
• C, reactions were stopped by the addition of 2 % (w/v) SDS and 50 mM EDTA and DNA was subjected to phenol extraction. Labelled DNA was precipitated with ethanol, resuspended in 10 mM Tris/HCl (pH 8.0) and loaded on to a 1 % agarose gel. Products were resolved by electrophoresis at 100 V for 1 h and visualized by a phosphoimager.
Inhibition assays
Reactions were performed under the conditions described for the polymerase and terminal transferase activity assay. The incorporation of radioactive dTTP into the appropriate DNA substrates at different concentrations of DNA or dNTP was monitored in the presence of increasing amounts of inhibitor as indicated in the Figure legends. Dose-response curves were generated by computer fitting of the data to the equation:
where E (%) is the fraction of enzyme activity measured in the presence of the inhibitor, E max is the activity in the absence of the inhibitor, I is the inhibitor concentration and ID 50 is the inhibitor concentration at which E (%) = 0.5E max .
Kinetic analysis
According to the ordered mechanism of the polymerization reaction, whereby the DNA primer (DNA) binds first, followed by the addition of dNTP, the enzyme can be present in three different catalytic forms: as a free enzyme, in a binary complex with the DNA or in a ternary complex with DNA and dNTP. The resulting rate equation for such a system is very complex and impractical to be used. For these reasons, the general steady-state kinetic analysis was simplified by varying one of the substrates (either DNA or dNTP) while the other was kept constant. When the DNA substrate was held constant at saturating concentrations (2-3-fold higher than its Michaelis constant K m ) and the inhibition was analysed as a function of varying concentrations of dNTPs, at the steady state, all of the input enzyme was in the form of the enzyme-DNA binary complex, so that only the binary complex and the ternary complex with dNTP could react with the inhibitor. Similarly, when the dNTP concentration was kept constant at saturating levels (2-3-fold higher than its K m ) and the inhibition was analysed as a function of varying DNA concentrations, the inhibitor could interact only with the free enzyme or with the ternary complex with DNA and dNTP.
The dependence of the initial velocities of the reaction was measured as a function of the DNA and dTTP substrate concentrations, by varying only one substrate and keeping the other saturating, as explained above, and analysed according to the Michaelis-Menten equation:
where k cat is the catalytic constant, E 0 is the total input enzyme concentration and
For the non-competitive inhibition, the variation of the apparent maximal velocity of the reaction [V max (app)] as a function of the inhibitor concentration was analysed according to the linear relationship:
Similarly, for the competitive case, the variation of the apparent affinity of the enzyme for the competing substrate [K s (app)] was analysed according to the linear relationship:
For the analysis of inhibitor-binding kinetics, the ratio between the enzyme activity at each pre-incubation time point (v t ) and the enzyme activity without pre-incubation (v 0 ), in the presence of different inhibitor concentrations (as indicated in the Figure  legends) , was plotted against the pre-incubation time.
Data were fitted to the simple exponential:
where t is time and k is the apparent exponential rate. Doseresponse curves were generated at each pre-incubation time, and the corresponding apparent equilibrium dissociation constant [K i (app)] values were calculated. The variation in K i (app) values as a function of pre-incubation time was analysed according to the exponential equation:
where t is time and k app the apparent exponential rate. Since K i (app) represents the equilibrium dissociation constant for the enzyme-inhibitor [E:I] complex at each pre-incubation time point, its rate of variation with time (k app ) is proportional to the apparent rate of [E:I] formation, and its value extrapolated at infinite time is equal to K i . Thus the actual binding (k on ) and dissociation (k off ) rates at [I] = K i can be calculated according to the equations:
Each experiment was performed in triplicate and the mean values were used for interpolation. Curve fitting was performed with the computer program GraphPad Prism.
RESULTS
Effects of resveratrol derivatives on mammalian pols from the B and X families
Resveratrol and its derivative t-DMHSB have been shown to inhibit mammalian replicative pols α and δ but not other noneukaryotic pols such as HSV-1 (herpes simplex virus) pol, HIV-1 reverse transcriptase or E. coli pol I [26] . We therefore compared the ability of resveratrol and its derivatives t-DMHSB, t-DHMSB and t-DHSB ( Figure 1 ) to inhibit the mammalian family B pol α and the family X pol β, pol λ and TDT. As shown in Figure 2 , whereas resveratrol itself inhibited only pol α but not the members of the family X pols, the t-DMHSB derivative inhibited both pol α and pol λ. Interestingly, t-DMHSB did inhibit both the templatedependent (i.e. pol) and the template-independent (i.e. terminal transferase, TDT) activities of pol λ. Despite their close similarity to pol λ, neither pol β nor TDT, two other family X pols, was inhibited by t-DMHSB. The t-DHSB derivative did not inhibit pol α, pol λ or TDT, and showed only weak inhibitory activity against pol β. The pol λ homologue from S. cerevisiae, pol IV, was not inhibited by any of the compounds tested, suggesting a specificity of the resveratrol derivatives towards mammalian X-family pols. The t-DHMSB analogue was inactive on all the enzymes tested (results not shown), confirming the absolute requirement of the 4 -hydroxy group for inhibition of pols.
Resveratrol is a non-competitive, slow-binding, tight-binding inhibitor of pol α
The effect of resveratrol on pol α activity was studied as a function of the pre-incubation time. As shown in Figure 3 (A), inhibition by resveratrol increased as the time of pre-incubation was extended, regardless of whether the inhibitor was pre-incubated with the enzyme alone or in the presence of the DNA substrate. The variation in the apparent inhibition constant [K i (app)] with time followed a simple exponential curve ( Figure 3B ), from which values of the equilibrium dissociation constant K i = 10 µM and the apparent rate k app = 0.008 s −1 were calculated for the enzymeinhibitor complex formation. These values were then used to derive the true association (k on ) and dissociation (k off ) rates for resveratrol, which were 0.4 × 10 3 M −1 · s −1 and 4 × 10 −3 s −1 respectively. Thus resveratrol acted as a slow-binding, tight-binding inhibitor of pol α. Next, the dependence of the inhibition of pol α by resveratrol was studied as a function of the DNA and nucleotide substrate concentrations. As shown in Figure 3 (C), resveratrol did not affect the affinity of the enzyme for the DNA substrate, but significantly decreased the apparent velocity of the reaction [V max (app)]. The reciprocal of the V max (app) values followed a linear relationship with the inhibitor concentrations ( Figure 3D ), allowing us to estimate the K i value to be 9.5 µM. Similar results were obtained in the presence of different nucleotide substrate concentrations (results not shown), suggesting that resveratrol acts as a non-competitive inhibitor of pol α activity.
t-DMHSB is a non-competitive inhibitor of pol α
Similar experiments were performed to determine the mechanism of action of t-DMHSB towards pol α. Interestingly, pre-incubation experiments did not show any increase in the potency of inhibition, indicating a faster binding of t-DMHSB to pol α with respect to resveratrol (results not shown). As shown in Figure 4 (A), addition of t-DMHSB to the reaction in the presence of increasing concentrations of the DNA substrate did not affect the apparent affinity (K s ) values, whereas the apparent velocity of the reaction V max (app) was decreased. The increase in the 1/V max (app) values followed a linear relationship with the inhibitor concentrations ( Figure 4B) , and a K i value of 20 µM was calculated. Since no effect of t-DMHSB was found on the affinity of pol α for the nucleotide substrate (results not shown), it can be concluded that t-DMHSB inhibited pol α by a fully non-competitive mechanism.
t-DMHSB is a non-competitive, slow-binding, tight-binding inhibitor of the pol but not of the terminal transferase activity of pol λ
The inhibition of pol λ by t-DMHSB was also studied as a function of pre-incubation time. No differences in the potency of inhibition of the TDT activity of pol λ were observed on pre-incubation of t-DMHSB with the enzyme (results not shown). However, when similar experiments were performed to evaluate the inhibition of the pol activity of pol λ, a strong increase in the potency of t-DMHSB was observed as the pre-incubation time increased from 0 to 120 s ( Figure 5A ). This allowed us to estimate the decrease in K i (app) as a function of the pre-incubation time. The variation of K i (app) with time followed a simple exponential ( Figure 5B ), which allowed us to estimate K i as 17.9 µM. The apparent rate at which the K i varied (k app ) was used as an estimate of the apparent binding of the inhibitor to the enzyme. The calculated k app value was then used to calculate the true association (k on ) and dissociation (k off ) rates, which were 0.4 × 10 3 M −1 · s −1 and 9 × 10 −3 s −1 respectively. Thus t-DMHSB showed slow-binding kinetics, but also a very low dissociation rate, acting as a slowbinding, tight-binding inhibitor, in a manner similar to resveratrol for pol α. Again, when the same experiments were repeated by pre-incubating the inhibitor in the presence of the enzyme and DNA substrate, no differences in the binding rate were detected, with respect to pre-incubation with the enzyme alone, indicating a slow inhibitor association also with the enzyme-DNA binary complex (results not shown). This is in agreement with a noncompetitive mode of action (see below).
Next, the inhibition of pol λ DNA polymerase activity by t-DMHSB was studied as a function of the DNA substrate concentration. As shown in Figure 5 (C), t-DMHSB did not affect the apparent affinity of pol λ for the DNA substrate (expressed as available concentration of 3 -OH ends), decreasing only the V max of the reaction. Similar results were observed in the presence of increasing concentrations of the nucleotide substrate (results not shown). The variation of the apparent velocity of the reaction [V max (app)] as a function of the t-DMHSB concentration was analysed by plotting the reciprocal of V max (app) values as a function of inhibitor concentrations. As shown in Figure 5 (C), the 1/V max (app) values followed a linear relationship with respect to the inhibitor, as expected for a purely non-competitive inhibitor. From the curve, a K i value of 17.5 µM was calculated for t-DMHSB inhibition.
t-DMHSB is a competitive inhibitor of the terminal transferase activity of pol λ with respect to the DNA substrate
To determine the mechanism of inhibition of pol λ-TDT by t-DMHSB, increasing concentrations of either the nucleotide or the DNA substrates were tested in the absence or presence of different amounts of the inhibitor. As shown in Figure 6 (A), addition of t-DMHSB did not influence the apparent affinity (K s ) of the enzyme for the nucleotide substrate, affecting only the velocity of the reaction (V max ). On the other hand, when the effects of t-DMHSB were studied as a function of the DNA substrate concentrations, the inhibitor caused an increase in the K s values, whereas the V max of the reaction was unaffected ( Figure 6B ). When the inhibition of pol λ-TDT by t-DMHSB was measured at different DNA substrate concentrations, the potency of inhibition of t-DMHSB decreased as the DNA concentration increased, as shown in Figure 6 (C). Taken together, these results indicated that t-DMHSB was a competitive inhibitor of the pol λ-TDT reaction with respect to the DNA substrate. Accordingly, the decrease in the apparent affinity for the DNA substrate [as indicated by an increase in the K s (app) values] followed a linear relationship with the inhibitor concentrations, as shown in Figure 6 (D). From these data, the inhibition constant K i = 21 µM was calculated.
t-DMHSB is sensitive to the absence of the N-terminal BRCT (BRCA1 C-terminal domain) and proline-rich domains of pol λ
Pol λ has a BRCT domain (amino acids 36-132) and a prolinerich domain (amino acids 133-244) at its N-terminus [28] . These domains have been shown to be entirely dispensable for all the catalytic activities of pol λ (pol, lyase and TDT), which reside in its C-terminal part (amino acids 244-575) [29, 30] . However, the phenolic compound petasiphenol, an inhibitor of pol λ DNA polymerase activity, was shown to bind to a pocket in the BRCT domain (amino acids 76-104). Accordingly, petasiphenol did not inhibit a truncated form of pol λ, lacking the first 132 amino acids [33] . To test whether the t-DMHSB derivative also shared the same binding site, its inhibition potency was determined against the truncated form of pol λ, the 244λ mutant, which lacked the first 244 amino acids, comprising both the BRCT and the prolinerich domains. As shown in Figure 7 (A), the t-DMHSB derivative inhibited neither the template-dependent nor the TDT incorporation activities of the truncated enzyme. This result suggested that t-DMHSB might bind to the N-terminal part of pol λ, similar to petasiphenol.
t-DMHSB can inhibit in vitro SV40 DNA replication
Next, we examined whether t-DMHSB is capable of suppressing replicative pols activity in a more physiological context. For this purpose, we exploited the in vitro SV40 DNA replication system. S-100 extracts from COS-7 cells, constitutively expressing the SV40 tag (see the Materials and methods section), were preincubated for 5 min in the absence or in the presence of either t-DMHSB or aphidicolin, a well-known inhibitor of mammalian family B pols α, δ and ε. Reactions were started with the addition of labelled dNTPs and a plasmid containing the SV40 origin of replication. The products of the reaction were resolved on a 1 % agarose gel and revealed by densitometric scanning with a phosphoimager. As shown in Figure 7 (B), in the control reactions (lanes 1 and 3) , high-molecular-mass reaction intermediates as well as form II (relaxed) and form I (supercoiled) DNA products were detected. Addition of t-DMHSB greatly decreased all the reaction products in a manner similar to aphidicolin (compare lane 2 with lane 4). Thus, t-DMHSB could also inhibit the in vitro SV40 DNA replication, further supporting its observed effect on DNA replication in vivo [26] .
DISCUSSION
In agreement with other studies [21] [22] [23] [24] [25] , we have described that trans-resveratrol inhibited cell growth, in a dose-and timedependent manner, both in normal fibroblasts as well as in fibrosarcoma cells [26] . Among different resveratrol analogues, an antiproliferative activity comparable with that of trans-resveratrol has been observed only for the t-DMHSB derivative [26] . Our previous results demonstrated that both trans-resveratrol and the t-DMHSB derivative significantly inhibited pols α and δ. Interestingly, there was an increase in specificity for the inhibition of pol α with respect to pol δ, from trans-resveratrol to t-DMHSB, suggesting a possible role of the substituent groups at positions 3 and 5 in the binding to different pols [26] .
In the present study, we expanded our area of research by (i) characterizing the mechanism of action of resveratrol and t-DMHSB against the family A pol α and (ii) evaluating the ability of selected resveratrol derivatives to inhibit other mammalian pols from the X family, including pol λ, pol β and TDT. To this aim, we compared trans-resveratrol with three derivatives (Figure 1 ): first, t-DMHSB, carrying methoxy groups at positions 3 and 5; secondly, t-DHMSB, carrying a methoxy group at position 4 ; and thirdly, t-DHSB, lacking the substituents at the 3,5 positions, but having a hydroxy group at position 4 and 4 . The results of the in vitro assays confirmed that the 4 -hydroxy group was essential for pol inhibition, since the compound t-DHMSB, having a methoxy group at 4 , lacked any activity. In addition, positions 3, 4 and 5 were found to be important for the selectivity of pol inhibition. In fact, replacing the 3,5-hydroxy groups of resveratrol with methoxy substituents, as in the case of t-DMHSB, maintained the activity towards pol α, but also conferred the ability to inhibit pol λ. This effect was, however, very specific, since the closely related pol β and TDT (from the same family) were not affected. On the other hand, eliminating the substituents at positions 3 and 5, but introducing a hydroxy group at position 4, completely changed the selectivity of inhibition, since the resulting t-DHSB derivative lost all its activity towards pol α and pol λ and showed only a very weak activity against pol β. Both t-DMHSB and t-DHSB were inactive against the only known family X homologue of budding yeast, the S. cerevisiae pol IV, indicating a strict preference for mammalian enzymes.
Resveratrol and its active derivative t-DMHSB were noncompetitive inhibitors with respect to the substrates of the pol reaction, i.e. DNA and nucleotides. However, interesting differences in their binding mode were found. Resveratrol acted as a slow-binding, tight-binding inhibitor of pol α, displaying not only a low association rate but also a slow dissociation from the enzyme. As a consequence, its potency of inhibition was found to be strongly enhanced by pre-incubation with the enzyme. The t-DMHSB derivative, on the other hand, showed no increase in its potency of inhibition on pre-incubation with pol α, but retained a slow-binding, tight-binding mechanism towards pol λ. This might indicate that the 3,5-methoxy groups of t-DMHSB (i) increased binding to pol α (thus overcoming the requirement for a pre-incubation step) and (ii) made the drug able to bind to pol λ, even though with slow kinetics. It should be pointed out that the same effect could be observed in the case of fast initial binding of the inhibitor, after a slow (i.e. rate-limiting) conformational change of the enzyme-substrate complex into a stable equilibrium state. Under the steady-state conditions used, we were not able to discriminate between these two possibilities. However, regardless of the precise identity of the rate-limiting step, it is clear that formation of a stable enzyme-inhibitor complex between resveratrol or its analogue t-DMHSB and their target enzymes proceeds with slow kinetics. Exploiting additional substitutions at the 3, 4 and 5 positions of the resveratrol pharmacophore is warranted to improve its potency and selectivity. Besides being a DNA polymerase, thus synthesizing DNA in a strictly template-dependent manner, pol λ can also act as a TDT, adding nucleotides to the 3 -OH end of an ss DNA substrate in a template-independent manner [29, 30] . The t-DMHSB derivative was capable of inhibiting this activity also, but with a competitive mechanism towards the DNA substrate. The difference in the mechanism of inhibition of t-DMHSB against the templatedependent (non-competitive) and template-independent (competitive) activities of pol λ suggested that its binding induced a conformational change in the enzyme, which did not affect the binding of partially double-stranded template-primer DNA (the substrate for the pol activity) but prevented the interaction with an ss DNA (the substrate for the TDT activity). The idea that t-DMHSB bound to the DNA-binding site of pol λ could be ruled out based on the following considerations: (i) the DNA polymerase and TDT activities of pol λ have been shown to share the same active site, which is located in the C-terminal part of the enzyme [34] . Thus, if t-DMHSB bound to the DNA-binding site, it should display the same competitive mechanism of inhibition towards both activities. (ii) The N-terminal domain of pol λ (amino acids 1-244) has been shown to be dispensable for both the polymerase and TDT activities of pol λ, as well as for the interaction with the DNA and nucleotide substrates [35] . However, t-DMHSB was unable to inhibit a pol λ mutant lacking the first 244 amino acids (pol λ 244), clearly suggesting that its binding site was located in the N-terminal region of the enzyme.
The inhibition of pol λ-TDT activity by t-DMHSB was no longer dependent on its pre-incubation with the target enzyme, in contrast with what was observed in the case of the templatedependent activity of pol λ. Due to the ordered mechanism of the reaction catalysed by pols, whereby DNA binds first, followed by the nucleotide, binding of t-DMHSB in the case of the TDT reaction is restricted to the free enzyme since it is a competitor of the DNA substrate. On the other hand, acting as a non-competitive inhibitor of the template-dependent reaction, t-DMHSB could, in principle, target either the binary enzyme-DNA or the ternary enzyme-DNA-nucleotide complexes. Thus the binding kinetics observed for the two reactions probably reflect these differences.
In the present study, pol λ activity was measured in the presence of Mn 2+ , because, as we have already shown, Mn 2+ is the metal ion preferred by pol λ; Mg 2+ can substitute for Mn 2+ , but with lower efficiency, even resulting in strong inhibition of the enzyme at concentrations above 4-5 mM [36] . Thus, we cannot rule out that the differences observed between pol α and pol λ for t-DMHSB inhibition might be, at least partially, due to the different metal ion cofactor used in the assays. Although the Mn 2+ concentrations used in the present study (0.5-1 mM) cannot be considered physiological in absolute terms (the physiological range of Mn 2+ is estimated to be < 0.1 mM), it should be noted that free metal ion concentrations are tightly regulated in vivo by special metal ion-binding proteins and their concentrations may vary considerably, even within the nucleus of a cell. Thus it is possible that Mn 2+ is the physiological cofactor for pol λ.
The fact that t-DMHSB was able to inhibit both pol λ and pol α suggests the existence of a similar binding pocket in these two enzymes. Indeed, the existence of similar binding sites for the interaction of natural compounds with the pols from families B and X has already been suggested by the observation that some terpeno-benzoic acids and triterpenoids can inhibit pol α as well as pol β and pol λ [37] . Unfortunately, no detailed information about their binding site(s) are available so far.
The experiments with the pol λ 244 mutant seemed to indicate that t-DMHSB binds to the N-terminal region of pol λ. However, multiple alignment analysis of the entire sequence of the human pol α catalytic subunit, as well as of the two primase subunits, with the first 244 amino acids of pol λ failed to reveal significant similarity, at least at the primary amino acid-sequence level. However, the best characterized natural pol λ inhibitor so far, petasiphenol, has been shown to bind to a pocket located between amino acids 74 and 107 of pol λ [33] . When the alignment was repeated using the sequence of the petasiphenol-binding site only, significant identity was found with a region at the very C-terminus (amino acids 1285-1327) of the human pol α catalytic subunit (Figure 8) . Most of the amino acid residues that were predicted to make essential contacts with petasiphenol in the pol λ sequence are also conserved in human pol α (Figure 8 , shown shaded). The main difference was the fact that there were short amino acid insertions (three, one, one and ten amino acids respectively from the N-to C-terminus) in the pol α sequence with respect to pol λ. Interestingly, these insertions were located corresponding to a putative loop predicted by homology modelling to occur in the pol λ structure (amino acids 84-107), suggesting that this loop might be larger in pol α. It is then tempting to speculate that t-DMHSB might bind to both pol λ and pol α pockets, whereas petasiphenol could only fit to the binding site in pol λ, but failed to bind to the slightly larger loop of pol α. Sequence alignment of the C-terminal sequence (amino acids 1286-1327) of the catalytic subunit of human pol α (hupolalpha, SwissProt accession no. P09884) and of the predicted inhibitor-binding site [33] in the N-terminal domain (amino acids 77-103) of human pol λ (hulam, SwissProt accession no. Q9UGP5). Amino acids in the pol λ sequence predicted to make direct contacts with the phenolic compound petasiphenol [33] are indicated by asterisks. Amino acids that are conserved in the pol α sequence are shaded. Multiple alignment has been performed with the CLUSTAL W program (http://www.ebi.ac.uk/clustalw/).
Site-directed mutagenesis studies will be required to test directly this intriguing but highly speculative hypothesis.
In summary, we presented the first biochemical characterization of the mechanism of action of trans-resveratrol against mammalian pols. Our results indicated that specific structural determinants of resveratrol might confer selectivity towards different families of mammalian pols. Moreover, in the present study, we have further substantiated the hypothesis that the antiproliferative activity of resveratrol and its derivatives on cultured cells was due to inhibition of replicative pols [26] , by showing that t-DMHSB was capable of suppressing the in vitro SV40 DNA replication with a potency similar to aphidicolin. Our results lay the background for the rational design of resveratrol analogues with more potent and very specific antiproliferative and antitumoral properties.
